synthesis of all four sel gene products incited a reexamination of a weak 110-kDa selenopolypeptide which is produced under these conditions. The aerobic appearance of this 110-kDa selenopolypeptide was not a consequence of residual expression of the gene encoding the 110-kDa selenopolypeptide of the anaerobically inducible formate dehydrogenase N (FDHN) enzyme, as previously surmised, but rather resulted from the expression of a gene encoding a third, distinct selenopolypeptide in E. coli. A mutant strain no longer capable of synthesizing the 80-and 110-kDa selenopolypeptides of FDHH and FDHN, respectively, still synthesized this alternative 110-kDa selenopolypeptide which was present at equivalent levels in cells grown aerobically and anaerobically with nitrate. Furthermore, this strain exhibited a formate-and sel gene-dependent respiratory activity, indicating that it is probable that this selenopolypeptide constitutes a major component of the formate oxidase, an enzyme activity initially discovered in aerobically grown E. coli more than 30 years ago.
The products of four genes have been identified as being essential for the incorporation of selenium into macromolecules in Escherichia coli (8, 44) . The selD gene encodes a protein which is required for incorporation of selenium into both protein and modified tRNAs (28) , whereas the products of the other three genes are required for the synthesis of selenopolypeptides (29) . The selC gene product is a tRNA (30) which is aminoacylated with serine, and this serine residue is converted to selenocysteine on the tRNA through the joint action of SelD (28) and selenocysteine synthase, the selA gene product (17, 19) . The product of the selB gene encodes a special translation factor which specifically binds tRNAs"j and delivers it to the translating ribosome (18) .
In marked contrast to the large amount of information gathered over the last few years concerning the biochemistry of this system, relatively little is known about the transcriptional regulation of the sel genes. Since the selenated tRNA molecules, which contain the modified nucleoside 5-methylaminomethyl-2-selenouridine, are synthesized constitutively, it can be assumed that the transcription and consequent synthesis of the SelD protein must be constitutive in order to accommodate the incorporation of selenium into these modified tRNAs. On the other hand, the 80-and * Corresponding author.
110-kDa selenopolypeptides of formate dehydrogenase H (FDHH) and FDHN, respectively, are only synthesized in the anaerobic cell; therefore, the question arises as to whether the selA, selB, and selC genes are also expressed only anaerobically or whether their expression is independent of culture conditions. Immunological data indicate that the SelB protein is present in both aerobic and anaerobic cells (20) , strongly suggesting that the selB gene is also expressed constitutively.
The four sel genes are not clustered on the chromosome but are dispersed over three distinct loci: selA and selB are at 80 min, selC maps to 82 min, and selD maps to the 38-min region of the chromosome (29) . It is likely, on the basis of sequence data, that the selA and selB genes form an operon (18, 19) . The primary aim of the work presented here was to expand our knowledge of the transcription of the sel genes and to clarify their expression and operon structures. These studies have Strains, plasmids, media, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Cells were grown either in LB medium or in the buffered rich medium (pH 6.5) described by Begg et al. (4) . In both cases the medium was supplemented with 1 ,uM sodium selenite and 1 ,uM sodium molybdate unless indicated otherwise. Media were supplemented with 0.4% (wt/ vol) glucose and 1% (wt/vol) nitrate as indicated. The minimal medium used for determining the effects of selenium on sel gene transcription consisted of 1 mM MgCl2, 15 mM NH4Cl, 0.1 mM CaCl2, 200 ,uM Na2SO4, 100 mM NaK phosphate buffer (pH 6.5), and 0.8% (vol/vol) glycerol. Special precautions were taken to keep the glassware selenium free; this involved using new 100-ml conical flasks which had been treated for 10 h with concentrated HCl and then thoroughly washed with double-distilled water and autoclaved twice, each time with a fresh change of medium. When required, antibiotics were added to the following final concentrations: ampicillin, 50 ,ug/ml; chloramphenicol, 30 ,ug/ml for maintenance of plasmids and 15 p,g/ml when the cat gene was integrated into the chromosome; kanamycin, 50 ,ug/ml; and rifampin, 200 ,ug/ml. The anaerobic growth technique of Balch and Wolfe (2) was used throughout.
Genetic procedures and recombinant DNA techniques. Standard procedures were used for plasmid preparations, restriction enzyme digestion, ligations, transformation, gel electrophoresis, oligonucleotide labelling, and nick translation (32) . Transductions with phage P1 kc were carried out by the method of Miller (33) . Cotransduction of the A(xthApncA) mutation with zdh::TnJO was screened for by using the benzyl-viologen overlay technique as previously described (4) . Cotransduction frequencies were approximately 40%. The lacZ gene constructs on pFM320 and pSKS106 (40) were transferred to XRZ5 (M. Berman) by standard procedures (42) .
Plasmid constructions. Plasmid pWL108 was constructed by isolating the 4.6-kb BamHI-SalI DNA fragment from cosmid clone pWL1 (29) , which contains the selAB genes, and performing a three-way ligation with the 3.9-kb BamHISalI fragment of vector pACYC184 and the 5.85-kb Sall fragment from pWL107 (29 DNA sequencing. Sequencing of double-stranded DNA was performed by using the method of Chen and Seeburg (12) and the chain termination method of Sanger et al. (36) with T7 DNA polymerase (46) . The 1.75-kb DNA insert of pUC502 was completely sequenced on both DNA strands after successively shortened subclones were generated with exonuclease III (24) . DNA sequence analysis was performed on an IBM AT computer with PC-gene software (version 6) obtained from Genofit SA (Geneva, Switzerland).
RNA preparation and Northern (RNA) analysis of the seiC gene transcript. Total cellular RNA was prepared by the hot-phenol method of Aiba et al. (1) . RNA samples (20 ,ug) were separated in a 1.5% (wt/vol) agarose gel containing formaldehyde and transferred to GeneScreen membranes exactly as described by the manufacturer (New England Nuclear Research Products, Boston, Mass.). Prehybridization and hybridization of the membrane filter were also performed according to the recommendations of the supplier.
Si nuclease protection analysis of seL4B and selD transcripts. Si protection of transcripts was performed essentially as described by Berk and Sharp (6) but with minor modifications. DNA fragments (-0.5 pmol) were hybridized with total RNA (60 ,ug) as previously described (38) ; the DNA-DNA hybridization temperature was calculated on the basis of the GC content of the fragment, and DNA-RNA hybridization was carried out at a temperature 2°C higher than calculated. The DNA-RNA hybrids were precipitated in ethanol (subsequent to treatment with S1 nuclease), separated in 0.8% (wt/vol) agarose gels, and transferred to nitrocellulose filters. The migration positions of the hybrids were determined by Southern hybridization with nick-translated probes from the respective genes (see figure legends) .
Primer extension of sel operon transcripts. Primer extension was performed exactly as previously described (37) . Because of the low-level transcription of the sel genes, 150 ,ug of RNA was used for determination of the initiation site of the selAB operon and 50 ,ug of RNA was used for the selD operon. The following oligonucleotide primers were used for primer extension and sequence reactions: 5'-GCAACAAT TCCACCACGCGGG-3' for selAB, 5'-CTGCTCACTATGC AGGATGGTTTCC-3' for selD, and 5'-GGCGCACGCATA CCCGCACGCAGG-3' for orfl83.
Gene expression in the phage T7 promoter-polymerase system and selenium labelling. Expression of the orfJ83 gene in the phage T7 promoter-polymerase system was performed in E. coli K38(pGP1-2) as previously described (45) . The products were separated in a sodium dodecyl sulfate (SDS)-12.5% polyacrylamide gel (27) . Incorporation of 75Se into macromolecules and analysis of the products were carried out as described by Leinfelder et al. (29) .
Enzyme assays. 1-Galactosidase activity was assayed in cultures of exponentially growing cells, and the specific activity was calculated as described by Miller (33) . Formate oxidase enzyme activity in cells which had been grown aerobically at 37°C in medium containing 1% (wt/vol) tryptone, 0.5% (wt/vol) glycerol, 0.1 M KNa phosphate (pH 6.8), 1 mM MgSO4, 0.1 mM CaCl2, 10 FM Na2MoO4, 1 p.M Na2SeO3, and further trace elements as given by Neidhardt et al. (34) was determined. Cultures which had reached an optical density at 420 nm of 0.6 to 0.7 were chilled on ice and washed once with cold 0.9% (wt/vol) NaCl and suspended in 0.9% (wt/vol) NaCl at 27.5 mg (wet weight) of cells ml-'.
Respiration was assayed at 28°C as oxygen consumption in a Warburg apparatus (Braun, Melsungen, Germany), which was filled with 1 ml of cell suspension, 0.5 ml of 0.5 M KNa phosphate buffer (pH 6.0), 0.2 ml of 20% KOH (center well), and 0.2 ml of 0.5 M sodium formate or 0.2 ml of 0.083 M glucose (side bulb), as described by Pinsent (35) . The respiratory quotient for formate was determined by measuring the amount of CO2 produced in parallel assays with and without KOH, corrected for the amount of oxygen consumed. Nucleotide sequence accession number. The sequence data presented in this paper can be obtained from the EMBL data library under accession number M68961.
RESULTS
Transcription of the sel genes is independent of both cellular oxygen and selenium status. Transcription of the four sel genes, selA, -B, -C, and -D, was analyzed with cells grown both aerobically and anaerobically to examine the effects of the oxygen status on transcription and to determine whether the genes are cotranscribed with neighboring genes. A Northern blotting experiment clearly showed that the selC gene is transcribed at equivalent levels in both aerobically and anaerobically grown cells (Fig. 1) . The migrated more slowly in the gel were observed. These results are in agreement with the findings of Burkard and Soll (9) .
Analysis of the selA and -B gene transcripts with a hybridization probe covering the complete selA gene and including 400 bp of the 5' portion of the selB gene revealed that, like seiC, both genes are expressed equally well in aerobic and anaerobic cells and that both genes are cotranscribed ( Fig. 2A) . The size of the major protected DNA fragment corresponds in length with a transcript initiating just before the selA gene; no short protected 400-bp fragment, which would correspond to a selB transcript, was observed. The signal observed migrating at 4.2 kb in lanes 2, 3, 4, and 5 is the result of rehybridization of the denatured EcoRI-BstEII fragment used as a hybridization probe.
That both genes indeed form an operon was verified by using a DNA fragment covering the complete selAB region (Fig. 2B) . The length of the protected fragment corresponded to a transcript initiating before the selA gene and terminating behind selB.
A similar experiment to analyze transcription of the selD gene was performed. Surprisingly, two protected species could be identified when DNA fragments covering regions both upstream and downstream of the selD gene were used for hybridization (Fig. 3) . RNA from both aerobic and anaerobic cells protected a 0.77-kb DNA fragment which correlated in size with that of a transcript initiating at the beginning of the selD gene and extending minimally to the SalI restriction site within the selD gene (left portion of Fig.  3) . A further DNA fragment, which was 640 bp longer, was also protected in both RNA preparations, which is indicative of cotranscription of selD with a gene(s) lying upstream. Analysis of transcription downstream of selD revealed a transcript which extended approximately 2,000 bases beyond the end of the selD gene, together with one which extended approximately 150 bases beyond selD (right portion of Fig. 3 Abbreviations: Bs, BstEII; C, ClaI; E, EcoRI; S, SalI.
DNA (see below) and that transcription of this operon, the selAB operon, and the selC gene is not influenced by the oxygen status of the cell. Another potential factor which could affect transcription of the genes involved in selenium incorporation into macromolecules is selenium availability. This is an important question to address because it has been shown recently that the intracellular concentrations of metal ions such as mercury, iron, and nickel have a major influence on expression of genes encoding biosynthetic and structural components of enzyme systems which respond to, or are dependent upon, these metals (13, 26, 43) . Special precautions were taken to ensure that the medium was free of selenium (see Materials and Methods), but to be absolutely sure, a biological control which unequivocally demonstrated that the level of selenium in the medium was below that necessary for translation of UGA140 was devised. A 117-bp DNA cartridge containing the internal TGA140 triplet from the fdhF gene was cloned into the lacZ gene (48) , such that translation of this mutant lacZ gene mRNA is completely dependent upon the presence of selenium in the growth medium. This construct, pFM320 (48) , was transferred to XRZ5 and integrated into the chromosome of strain FM934 (AfdhF lacIq). The results clearly show that the medium was selenium free, since synthesis of ,B-galactosidase was completely dependent on the addition of 1 ,uM selenite to the medium (Fig. 4A ).
Synthesis of P-galactosidase from a similar construct containing the wild-type lacZ gene (FM934/ASKS106) was independent of the presence of selenium (Fig. 4A) .
RNA isolated from MC4100 grown aerobically in the same medium was used to examine transcription of the selD gene.
The results show that the intracellular selenium concentration had no influence on selD transcription (Fig. 4B) analysis. That of the selC gene has been determined previously (9) . RNA was isolated from aerobically grown cells and was hybridized with radioactively labelled oligonucleotides which were predicted to prime between 100 and 140 bases downstream of the respective initiation sites, on the basis of the results presented in Fig. 2 and 3 . Large amounts of RNA had to be used in the experiment to obtain a detectable signal, which indicates that these mRNA species are synthesized at very low levels (Fig. 5) (15) . The length of the predicted selD-topB cotranscript correlates exactly with the length of the transcript observed in Fig. 3 a 160-bp noncoding region upstream of orfJ83, part of which is shown in Fig. 6 , and the first 900 bp of the sppA gene (25) (data not shown). Transcription of the sppA gene was opposite to that of the orfl83-selD-topB operon, which is in agreement with the findings of Helling (23). DiGate and Marians have already demonstrated that the topB gene encodes a protein and that it has a potent decatanase activity (14, 15 (Fig. 7) .
Neither the orfl83 gene product nor topoisomerase III is required for incorporation of selenium into macromolecules in E. coli. Strain MN543 (AxthA-pncA) (Table 1) , which is deleted for the complete orfl83-selD-topB operon, synthesized both the 80-and the 110-kDa selenopolypeptides, as well as the selenated tRNA species when transformed with a plasmid containing only the selD gene (data not shown). Furthermore, a strain specifically deleted for the orfJ83 gene, but retaining the selD and topB genes, was fully competent in selenoprotein and seleno-tRNA synthesis (data not shown). Identification of the physiological functions of Orf183 and topoisomerase III is currently under investigation.
Constitutive expression of the sel genes is necessary for synthesis of an aerobic formate oxidase. The findings presented above clearly demonstrate that all the sel genes are expressed in aerobic cells. The selenopolypeptides of both FDHH and FDHN, however, are synthesized only anaerobically, and this has been recently shown to occur through transcriptional regulation of the structural genes of both enzymes (5, 7). We have often observed a faint 110-kDa selenopolypeptide in aerobically grown cells (48) (Fig. 8 Two lines of evidence support this: first, in the 1950s it was observed that aerobically growing E. coli cells exhibit a formate oxidase enzyme activity of relatively high specific activity which is unlikely to be catalyzed by FDHN (35) ; and second, a rnutant strain which we isolated previously (29) , WL24, has a Mudl insertion in the structural gene encoding the 110-kDa selenopolypeptide of FDHN (5) and produces a truncated selenopolypeptide but still synthesizes a weak 110-kDa selenopolypeptide both aerobically and when grown anaerobically with nitrate (29) (Fig. 8) . This indicates that a second gene which encodes a 110-kDa selenopolypeptide must exist. Interestingly, strain WL24 is derepressed for the synthesis of the 80-kDa selenopolypeptide of FDHH when the strain is grown anaerobically in the presence of nitrate (Fig. 8) . This results from an increase in the intracellular formate concentration, and under these circumstances the fdhF gene, encoding FDHH, is no longer repressed by nitrate (35a) .
Proof that E. coli actually does have a third selenoprotein came from the isolation of a temperature-resistant, ampicillin-sensitive derivative of WL24 which had deleted the Mudl phage plus neighboring sequences and produced no truncated selenopolypeptide. Thisfdn mutant was transduced to AfdhF and thus lacked both the 80-kDa selenopolypeptide of FDHH and the 110-kDa selenopolypeptide of FDHN. This strain, WL9024, still produced a selenopolypeptide when grown aerobically and when grown anaerobically with nitrate but produced barely detectable amounts of the polypeptide when grown anaerobically with glucose alone (Fig.  8) .
Measurement of the formate oxidase activity of aerobically grown cells revealed that when formate was used as a substrate, both the wild-type strain MC4100 and WL9024 (4fdn AfdhF) had identical activities ( sumed) is in close agreement to the value of 2.0 which would be expected for respiration at the expense of formate. Analysis of the activity in strain FM460 (AselC) showed a 15-fold decrease over that observed in WL9024, which indicates that the selC gene is required for synthesis of active enzyme and strongly suggests that the aerobic 110-kDa selenopolypeptide is a component of the formate oxidase activity. The residual activity observed in FM460 with formate as a substrate was the same as MC4100 without substrate and probably represents respiration of endogenous products (Table 2) . 
DISCUSSION
The synthesis of selenoproteins in E. coli necessitates readthrough of a UGA codon. This observation led to considerable speculation which suggested that the UGA suppression mechanism may be controlled not only by codon context but also by the cellular oxygen status (16) . Recent reports from our laboratory have demonstrated that UGA readthrough occurs very efficiently in both aerobically and anaerobically grown E. coli cells (22, 48) , implying that all the sel genes products are synthesized under both conditions. In this communication we have shown that the expression of the sel genes is constitutive. Moreover, we have discovered that E. coli possesses a third selenoprotein which is synthesized with equal efficiency when the cultures are grown both aerobically and anaerobically with nitrate. The synthesis of this newly identified selenoprotein is also dependent upon the selC gene product, strongly suggesting that its gene bears an in-frame TGA codon. Several points argue in favor of the weak 110-kDa protein being a component of a third FDH isoenzyme. First, the size of the selenopolypeptide is identical to that of the selenopolypeptide of FDHN; second, the enzyme with which the selenopolypeptide is associated has a very high catalytic activity with formate as a substrate; and third, synthesis of the polypeptide is sel gene dependent. Furthermore, a recent report has indicated that antibodies raised against the FDHN enzyme of E. coli cross-react with a second polypeptide (39) . The authors speculate that this protein may be a second FDHN isoenzyme. It will be of interest to determine whether the third selenopolypeptide and this second FDHN isoenzyme are one and the same protein.
The reasons why this third selenopolypeptide was not identified in earlier experiments are twofold: first, as mentioned above, the Mr of the polypeptide is 110,000 and therefore is masked by the major selenopolypeptide when cells are grown anaerobically with nitrate; and second, the expression of the gene encoding this polypeptide must be low, since it is synthesized at low levels, and consequently the weak 110-kDa selenopolypeptide previously observed in aerobically grown cells was mistakenly assumed to be the result of low-level expression of the fdnG gene encoding the anaerobic 110-kDa selenopolypeptide. It is now clear that fdnG gene expression is completely repressed aerobically (5). Furthermore, construction of a mutant deleted for the fdnG and fdhF genes provided unequivocal proof for the existence of the third selenoprotein. Indeed, this finding also helps to clarify the enigmatic selenoprotein profile of a mutant which we isolated several years ago (29) . The mutant produced a weak 110-kDa selenopolypeptide, as well as a truncated selenopolypeptide of approximately 95 kDa (Fig.  8) . The truncated selenopolypeptide results from insertion of a Mudl phage in the fdnG structural gene (5) .
As mentioned already, a very strong correlation exists between the synthesis of the aerobic selenoprotein and a highly active, selC+-dependent formate oxidase activity which was analyzed in aerobically grown cells. This enzyme activity is likely to be equivalent to that identified previously in aerobically growing cells of E. coli (35 (Fig. 9 ). selA and selB form one operon, which was anticipated from the fact that the termination codon of the selA gene overlaps the translational initiation codon of the selB gene (19 (29; unpublished data).
Topoisomerase III was originally identified as a DNArelaxing activity in topA mutants (14) and was subsequently shown to possess a potent decatanase activity (14) . This has led to speculation about the physiological function of the protein being involved in partitioning of chromosomal DNA during cell division (15) . It 
